Abstract. Newly-constructed and reconstructed highway pavements under the effect of traffic loading and climatic severity deteriorate progressively and need preservation intervention after a certain number of years following their construction. In the literature, the term 'rest period' has been used to refer to the number of years that elapse between the construction completion to the application of first major repair activity. The rest period is a critical piece of information that agencies use to not only plan and budget for the first major repair activity but also to develop more confidently, their life-cycle activity schedules for life cycle costing, work programming, and long-term plans. However, the literature lacks established procedures for predicting rest periods on the basis of pavement performance thresholds. In the absence of such resources, highway agencies rely mostly on expert opinion for establishing the rest periods for their pavement sections. In addressing this issue, this paper presents a statistical methodology for establishing the rest periods for newly-constructed or reconstructed pavements. The methodology was demonstrated using empirical data from in-service pavements in a Midwestern State in the US. The paper's results show that the rest periods of newlyconstructed and reconstructed highway pavements are significantly influenced by their functional class, surface material type, traffic loading level, and climate severity.
Introduction
Highway pavements are designed and constructed for providing service for a long period of time. Like most other civil structures and facilities, it can be assumed that highways are constructed so that user can benefit for an infinite time period and if need arises can be reconstructed repeatedly after reaching design life. After construction of a highway, routine and periodic maintenance, rehabilitation and reconstruction are the major activities that are performed to ensure that the highway pavements continue to provide reasonable serviceable conditions. An effective pavement preservation program specifies the appropriate times at which different Maintenance and Rehabilitation (M&R) treatments should be applied to the pavement structure and helps agencies quantify the total maintenance needs of entire network (Parida et al. 2005) . In present era pavement managers strive to adopt systematic preservation strategies that are optimal so that intervention applied to any asset are neither too early (asset in relatively good condition) nor too late (asset highly deteriorated) (Khurshid et al. 2011; Jain et al. 2014) . In addition, highway agencies strive to minimize the life cycle maintenance cost while ensuring reasonable level of ride quality (Meneses et al. 2013) .
Reliable information of future pavement performance is needed for planning M&R activities and for ensuring adequate funding. Accurate information on initial pavement performance or rest period is also needed by highway agencies for Life Cycle Cost Analysis (LCCA) procedures and formulation of Maintenance, Rehabilitation and Reconstruction (MR&R) strategies. MR&R strategy is the combination of different maintenance treatments applied over pavement life cycle (Ahmed et al. 2013 (Ahmed et al. , 2015 . LCCA is routinely performed by highway agencies for pavement type selection (flexible vs. rigid) and to access the lifecycle preservation cost of alternate pavement repair options (Rangaraju et al. 2008) . Similarly, highway pavements preservation strategy formulation requires knowledge of the initial pavement performance and the effectiveness of subsequent M&R treatments and both have significant impact on overall cost of MR&R strategy. For similar traffic and climatic loadings, MR&R strategies with longer intervals between M&R activities will generally have lower total agency costs (the sum of reconstruction, rehabilitation and maintenance activities) as compared to strategies with shorter intervals (Ahmed 2012) . A number of studies in the past have estimated the effectiveness of different M&R treatments (Hall et al. 2002; Labi, Sinha 2003; Khurshid et al. 2014) ; however, relatively little effort has been made to estimate the initial performance period of newly constructed/reconstructed pavements, which is referred to as the 'rest period' in this paper (the time from opening the newly constructed/reconstructed road to traffic to the time of application of the first periodic maintenance treatment) (Fig. 1) . Periodic maintenance or preventive maintenance treatments are used to retard the pavement deterioration and to correct minor defects and improve functional condition e.g. chip sealing, microsurfacing and thin Hot-Mix Asphalt (HMA) overlay (FHWA 2005b). Past studies have provided time-based estimates for rest period of flexible and rigid pavements Li, Kaini 2007; Rangaraju et al. 2008; InDoT 2011b) ; however, an explicit analysis of rest periods using empirical data on pavement performance, has not been carried out in the literature. Thus, the literature lacks estimates of rest periods or established procedures for their prediction. In the absence of such resources, highway agencies rely on expert opinion for establishing the rest periods for their pavement sections. In Section 1 of this paper, we present a wider discussion of the literature regarding the estimation or specification of pavement rest periods.
In addressing this issue, this paper presents a statistical methodology for establishing the rest period of newly constructed or reconstructed pavements using data on performance and also on the factors that affect performance. The methodology was demonstrated using empirical data from in-service roads in a Midwestern state in the US. The paper also seeks to investigate whether the rest period for a newly constructed and reconstructed highway pavement is significantly influenced by characteristics of the pavement section and its environment, including their functional class, surface material type, traffic loading level, and climate severity.
Literature Review
To establish treatment types and timings, different studies in the past have used different timing criteria (age or condition) and different basis for establishing these criteria levels (historical trends, expert opinion or optimization). The commonly used procedures are discussed as follows.
Time-Based Strategy
A time-based strategy is one where treatments are applied on the basis of pavement age. Such a strategy usually involves the use of the treatment service life and is also termed as a strategy based on 'preset time intervals' . The treatment application interval may be large or small depending upon the asset age, traffic, and climate. Hicks et al. (2000) ; Zimmerman et al. (2002) ; Labi, Sinha (2003) and Lamptey et al. (2005) are the prominent studies which formulated time-based strategies for flexible and/or rigid pavements for such purposes as maintenance treatments cost-effectiveness evaluation and/or preparation of pavement preservation strategies. Mostly these strategies were developed using expert opinion e.g. responses of pavement engineers to a questionnaire survey. In a study that involved thirtytwo states in the US, Rangaraju et al. (2008) determined that most of the states, at the time, were using expert opinion for establishing the rest periods for their flexible and rigid pavements; also, most of the states use a single value of rest period without accounting for differences in highway pavement sections in terms of their functional class, traffic loading, or location (climate severity). For example, for flexible pavements, the different states use the following rest periods (years): Alabama -12, Arkansas -20, Florida -20, Kansas -10, Louisiana -15, Mississippi -12, and North Carolina -10; for rigid pavements, they use the following rest periods (years): . However, some states have gone further to specify a range for their rest period instead of a single value; for example, for flexible pavements, Colorado and Minnesota use rest periods that range between 10-12 years and 15-20 years, respectively.
Performance-Based Strategy
In performance-based strategy formulation, the pavement threshold condition is the deciding factor for pavement intervention. As soon as the pavement reaches a certain threshold condition in terms of a selected performance indicator, an appropriate preventive maintenance, rehabilitation, or reconstruction is carried out to restore the pavement condition. Various studies in the past have developed performance-based thresholds and strategies using engineering judgment/past experience (Ahmad 2004; Lamptey et al. 2005; AI&T 2006 ) and analytical approach (Khurshid 2010) , however none of the past studies explicitly established pavement rest periods for different pavement types on different highway functional classes.
Use of Decision Trees and Matrices
Condition-based decision trees and matrices are a set of rules and criteria, which are established either by expert opinion or past experience in pavement management 
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Preventive maintenance (FHWA 1990; Khurshid 2010; Labi et al. 2005) . These are used for selecting appropriate M&R treatment and have been developed by a number of studies in the past (Wade et al. 2001; MnDoT 2001; Ahmad 2004; AI&T 2006; Dell' Acqua et al. 2012 ). Most of the past studies on use of decision trees and matrices discuss the application timing of different M&R treatments but timing of application of first treatment after construction (rest period) is based on expert opinion (Labi, Sinha 2003; Lamptey et al. 2005; Li, Kaini 2007) .
Study Methodology
In this study, an analytical approach was used to establish the rest period, which is discussed in ensuing paragraphs and generalized framework is shown in Fig. 2 .
Establishing Pavement Families
In this paper, it was hypothesized that rest periods will be different for different characteristic of the pavement section as well as their environment. Therefore, the pavements were placed into different families on the basis of their surface type (flexible and rigid), functional class (Interstate and National Highway System (Non-Interstate) (NHS(NIS))), and loading intensity. The pavements were further subdivided on the basis of truck traffic volume. Past research (for example, Khurshid et al. 2014) suggests that pavements with high truck traffic are generally expected to have significantly shorter rest periods.
Data Preparation
Empirical data from in-service roads mostly in the northern part of a Midwestern state in the US were collected. This was for a number of road segments, and the data spanned from 1994 to 2006. The major data items include road inventory, pavement condition, contract information, traffic, and climate. The road inventory data provided basic information about contract identification, start and ending points, functional class, and county and district locations. Contract data from the highway agency database, which provided information on newly constructed and reconstructed pavements includes: contract identification number and location, letting year, number of lanes, and project length. Climate was an important variable in present study. The influence of climate on pavement condition is well documented in the literature (FHWA 1990 (FHWA , 2005a Hall et al. 2002; Peterson 1985; Žilionienė et al. 2013) . In the present study, climate data included the freeze index, annual number of freeze thaw cycles, average annual precipitation, and average number of wet days in a year, and were obtained from IN-DIPAVE 2000 (Labi 2001 ), a database established using data from the National Oceanic and Atmospheric Administration online climate database. Traffic data, which included the Annual Average Daily Traffic (AADT) and Truck AADT, were obtained from traffic monitoring sections (InDoT 2011a). The details of the traffic and climate data are provided in Table 1 for the two highway functional classes and the two pavement material types. All data elements were carefully analyzed to exclude extreme observations (outliers) using 3s method. Filtering of anomalous observations ensures the homogeneity of data used for model estimation . The pavement condition data included the IRI. IRI is the deviation of a subject pavement surface from a true planner surface and is measured using an instrumented vehicle (Fig. 3) equipped with non-contact sensors (infrared, lazer or acustic etc.) and accelerometers. Variations in vertical distance from a horizontal plane of reference (accelerometers) are recorded by sensors (Sayers, Karamihas 1998; Ong et al. 2010a Ong et al. , 2010b . In this study, the IRI served as the performance indicator for a number of reasons: first, it is widely used as a basis for pave- ment preservation decision making; second, it quantifies pavement bumpiness, and thus is indicative of the severity of surface defects; third, it has universal acceptability worldwide (for example, in the US, all highway agencies are required to report IRI of their major highways to the federal government for funding allocations and oversight purposes); and fourth, IRI data is collected by most highway agencies worldwide (Ong et al. 2010a (Ong et al. , 2010b . Also, all highway agencies in the US collect IRI data and most have adopted the AASHTO PP 37-04 Standard for IRI data collection (Ong et al. 2010a (Ong et al. , 2010b . While, the present study used IRI for estimating the rest periods, the methodology developed in this paper can be applied with any other performance indicator such as specific distresses or composite indicators as used in past studies (Dell' Acqua, Russo 2011).
Selection of Pavement Threshold Condition
Every highway agency maintains a list of standard treatments for carrying out rehabilitation or preventive maintenance of their pavements. For each of these treatments, they specify minimum performance levels that warrant application of the different treatments. For establishing the performance-based rest periods, selecting an appropriate threshold pavement condition is an important step. As Khurshid et al. (2011) pointed out, it is not cost-effective when treatments are applied too early (when the asset is still in the superior performance) or too late (when the asset is in such poor condition that there are excessive user costs). The threshold could be same for all pavement types or could different for the different pavement types and highway functional classes. For example Indiana Department of Transportation (INDOT) pavement design manual recommends that preventive maintenance should be applied to the pavements when IRI < 2.37 m/km (150 in/mile) (InDoT 2011b). As discussed in Section 1 of this paper, most highway agencies develop their thresholds in one of two ways: (1) surveys of pavement management experts, or (2) a review of historical data (simple average of pretreatment pavement conditions at time of application of the treatment in question). Such approach may be misleading because of the typical wide variations in pavement conditions at times of application that may be earlier or later than the optimal time of application, as this is greatly influenced by the economic conditions and the financial strength of the agency. Recognizing the limitation of expert opinion, Khurshid (2010) used Indiana data and cost-effectiveness analysis to establish optimal thresholds for pavement treatments, and demonstrated, using empirical data from in-service pavements, that inferior cost-effectiveness is achieved if the treatment is applied either too early or too late. In the present study, Khurshid's (2010) threshold IRI values for application of periodic maintenance were used: Interstate = 1.98 m / km (125 in/mile) and NHS(NIS) = 2.052 m/km (130 in / mile). These threshold values were established using IRI data measured for each 1.6 km (one mile) long segment of in service pavements.
Selection of Measure of Effectiveness: Intervention (Treatment) Service Life Concept
The effectiveness of M&R treatments can be measured by the extent to which a treatment extends the pavement service life or improves ride quality in the short or long term (Smith et al. 1993; Ahmed et al. 2013 Ahmed et al. , 2015 . On the other hand, the effectiveness of a newly constructed/ reconstructed pavement can be estimated by determining the time from new construction to the application of the first periodic maintenance (preventive maintenance) treatment (i.e., the rest period). The intervention service life, increase in the area bounded by the performance curve and increased average pavement condition over the intervention service life, are the three most widely used non-monetized measures of treatment effectiveness (Khurshid et al. 2014) . Among commonly used measures of treatment effectiveness, treatment service life has more intuitive meaning and is widely used by agencies. It is the time interval between the pavement reconstruction or treatment application and the time taken to reach some threshold (Ahmed et al. 2013 (Ahmed et al. , 2015 as shown in Fig. 4 . For rest period estimation, service life was used as the measure of effectiveness because it is consistent with the concept of a rest period. Every agency has an important task of establishing guidelines for pavement M&R. Having proper pavement M&R guidelines help in selecting the proper treatments for both flexible and rigid pavements. Reliable information on the treatment service life and the rest period can help in the formulation of pavement M&R strategies for various agency tasks, including LCCA.
Development of Performance Trend Models and Estimation of Rest Periods
Ordinary Least Square (OLS) regression was used to develop performance models for both flexible and rigid pavement. Separate models were developed for different highway functional classes depending upon availability of data (e.g. Interstate and NHS(NIS)). The explanatory variables considered for performance modeling are functional classification (surrogate variable for construction and maintenance quality), pavement age (surrogate for combined traffic and climatic loading), truck traffic, and climatic conditions. The functional form of the pavement performance models developed in this paper is shown in Eq. (1). Statistical Analysis System (SAS Institute 2016) was used for the model estimation, and standard model building procedures were used. Using the developed performance models, the expected time from new construction of a pavement to the application of the first periodic maintenance was estimated using Eq. (2). The model results are summarized in Table 2 . 
This approach has been widely used in pavement performance modeling in Indiana in the recent past for estimation of M&R treatments service lives (Labi, Sinha 2003; Lamptey et al. 2005; Ong et al. 2010a Ong et al. , 2010b .
Model Results and Discussion
The summary of the model results are presented in Table 2. All the estimated models have reasonable fit for the rather highly varied data that were collected for different pavement segments from 1994-2006. The R 2 values ranging from 0.55 to 0.88 indicate that an approximately 55-88% variance in data is explained at a 95% level of confidence by these models. Coefficients of both AADTT and AAFI have intuitive signs that is consistent with past studies that used similar approach for pavement performance modeling (Labi, Sinha 2003; Ong et al. 2010a Ong et al. , 2010b . The positive sign of coefficient for AADTT indicates that all else being equal, pavement segments associated with higher traffic loading (truck traffic) deteriorate at a faster rate. Similarly, the positive sign of coefficient for cumulative climatic effect indicates that pavement segments located in extreme climatic condition deteriorate at a faster rate as compared to pavement segments located in moderate climatic conditions, all else being equal. In present study AADTT and AAFI are the two significant variables in the final mod- els, however there can be additional variables that may play an important role in determining the rest period. In agencies where detailed data on other factors such as initial pavement condition and pavement strength, etc., are available for each pavement section in the network, these variables can easily be included in future modeling efforts for rest period estimation. Doing this will further improve the R 2 values.
As the 'Crossroads of America' , Indiana facilitates freight movement in both North-South and East-West directions, serving the economy of not only state, but also the nation as a whole (InDoT 2007) . The volume of truck traffic continues to increase in Indiana as the state's transportation infrastructure provides companies with a more competitive advantage in moving freight through the state, compared with other modes (InDoT 2007; Indiana Logistics 2008) . In Indiana, there is marked difference in the level of traffic loading within and between the major highway functional classes. Some Interstate routes have over 30000 truck AADT while few state routes have less than 50 trucks per day. It is generally observed that all Interstates are associated with much higher levels of truck traffic compared to NHS(NIS). Also, most US routes (NHS(NIS) have comparatively higher truck traffic compared to state roads (InDoT 2011a). These wide variations in pavement loading patterns demands that, for rest period estimation, not only should the pavement segments be divided on the basis of surface type, functional class, or route type, but also on the basis of traffic loading.
The rest periods were estimated using the methodology described earlier using four different truck traffic levels and three different climatic severity levels. Level of climatic severity was defined on the basis of AAFI [degree·days] that are: High Climatic Severity (HCS) (AAFI ≥ 650), Medium Climatic Severity (MCS) (650 ≤ AAFI ≥ 450) and Low Climatic Severity (LCS) (AAFI ≤ 450). Table 3 presents the estimated rest period for the different highway pavement material types (flexible and rigid), the different highway functional classes, the different levels of traffic loading, and the different levels of climate severity. Table 3 (Fig. 5) indicates that for both Interstate and NHS(NIS), there are substantial rest periods at low traffic, however with increasing traffic levels and/or climatic severity, the rest period keeps on decreasing, indicating that initial pavement performance is quite sensitive to both traffic loading and climatic severity.
It was also revealed that rest periods values for both these functional classes (Interstate and NHS(NIS)) are comparable, although Interstate usually have much higher construction standards as compared to NHS(NIS). This dichotomy can be attributed to much higher traffic loading on Interstate highways compared to NHS(NIS). Therefore, those pavement segments that are located in high traffic loading zone and/or severe climatic regions need first periodic maintenance treatment much earlier in their service life compared to pavement segments located in regions having low traffic levels and/ or low severe climatic. For example, Interstate 80/90, which passes through the northern portion of Indiana, has certain segments with truck AADT of over 40000 (InDoT 2011a) indicating that newly constructed pave- Rest period [years] ment segments at such locations will need preventive maintenance treatment very early in their design lives. As such, in designing long-term M&R schedules for pavement segments, it is not appropriate to use average rest periods for all the pavement segments irrespective of their functional class and climate regions as is currently done in highway agencies. The paper also analyzed the sensitivity of rest period length to climate severity and traffic loading (Fig. 5) . The results indicated that rest period is more sensitive to traffic loading compared to climate severity. For example for rigid Interstate pavement with traffic loading of 15000, the estimated rest periods are 10, 10 and 11 years for HCS, MCS and LCS, respectively. However, when traffic level is changed to 12000, estimated rest periods are 12, 13 and 13 years for HCS, MCS and LCS, respectively.
Also for the rigid pavements, rest periods were estimated for the two highway functional classes (Interstate and NHS(NIS)). In case of rigid pavements (Table 3 and Fig. 6 ), trends were similar to flexible pavement. However, at similar traffic levels, rigid pavements rest periods were higher as compared to flexible pavements, which is intuitive. For Interstate pavement segments, rest period's ranged from 8 to 20 years. In the practice, rigid pavement rest periods have been estimated as high as 20 years or more. For rigid Interstate pavement segments, that have comparatively low traffic (6000 trucks per day), estimated rest periods are closer to the current INDOT estimated service life of newly-constructed rigid pavement (InDoT 2011b); however for pavement segments located in high traffic regions/zones the paper's results suggest that the estimated rest periods are much lower; this reinforces the need for highway agencies to establish different performance-based rest periods for the different highway functional classes, traffic loading levels, and climate severity levels of their pavements. For NHS(NIS) rigid pavement segment, the models yielded almost similar rest periods; this may be attributed to the lower traffic levels on NHS(NIS) highways compared to Interstate highways. The analysis showed that even a 100% increase in traffic loading (from 1500 to 3000) lowers the rest period by only one year for NHS(NIS) rigid pavement segment. However, at similar traffic levels (3000), but different level of climatic severity, there is wide variation in estimated rest periods for NHS(NIS) rigid pavement segments; indicating that estimated rest periods are very sensitive to climatic severity for this particular highway class.
Summary and Conclusions
For planning and programming long-term pavement preservation, pavement managers strive to access the effectiveness of initial pavement performance and different maintenance treatments. This paper presented a methodology for establishing the rest period of newly constructed/reconstructed pavements using well-established concept of treatment service life. Using data from a Midwestern state in the US, rest periods were established for flexible and rigid pavements on the Interstate and NHS(NIS) functional classes.
These rest periods were estimated using a threshold IRI of 1.98 m/mm (125 in/mile) for Interstate and 2.052 m/km (130 in/mile) for NHS(NIS) pavements, respectively.
The results suggest that the rest period for flexible pavements on Interstates is 8-20 years, and on NHS(NIS), 8-18 years, depending on the levels of traffic loading and climate severity. Also, the rest period for rigid pavements on Interstates is 10-20 years, and for NHS(NIS), 12-20 years. These results indicate that the rest period estimate for a given pavement section is significantly affected by its highway functional class, its traffic loading level, and the climate severity of the region where it is located. Specifically, there is a nonlinear relationship between pavement rest periods and its traffic loading or climate severity.
The rest period values obtained in present study can be used by highway agencies as a guide for formulating or revising their schedules of rehabilitation and maintenance of new or proposed pavements, long-term planning, budgeting, and needs assessment, and LCCAevaluation of pavement design and maintenance alternatives.
The results of the present study provide guidelines for highway agencies to establish the rest periods for their jurisdictions using same or different performance indicator for which data is usually collected by highway agency. portation (INDOT) for their help in data collection. The funding for the present study was provided by the Indiana Department of Transportation (INDOT) and Federal Highway Administration (FHWA) through Purdue University's Joint Transportation Research Program.
